Abstract Gullwing-shaped cirrus layers are observed on an image above a severe thunderstorm occurred in Argentina taken by the instrument CALIOP on board of the CALIPSO satellite. The cirrus layers extended into a level in the stratosphere even higher than the above-anvil cirrus plumes that had been studied previously. This paper utilized the cloud model simulation results of a similar storm to explain the formation of such gullwing cirrus. It is shown that these cirrus layers can form from the moisture transported upward by successive internal gravity wave breaking at levels higher than the above-anvil plumes. The vertical locus of the wave crests where wave breaking occurs is itself gullwing-shaped which is the main reason why the thin cirrus layers are also gullwing shaped. Model results indicate that wave breaking can transport materials irreversibly into higher stratospheric layers and the gullwing-shaped cirrus is an evidence of this transport process.
Introduction
The launch of NASA A-Train satellites [L'Ecuyer and Jiang, 2010, http://atrain.nasa.gov/] has produced new types of remote sensing data that researchers can use to study the atmosphere. The two special satellites relevant to the present paper are the CloudSat and CALIPSO that provide vertical cross-sectional data in addition to the conventional horizontal view images provided by other satellites. The combination of horizontal and vertical data will be extremely useful in many studies when both are available for the same location and the same time. This is especially so for the study of the atmospheric environment above thunderstorms, the subject of interest in this paper, since direct observation of that region is either impossible or too dangerous to perform.
The instrument used by CloudSat is the 94 GHz Cloud Profiling Radar (CPR) whereas that by CALIPSO is the two-wavelength (532 nm and 1064 nm) Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP). The longer wavelength CPR is not capable of detecting smallest ice particles present above the storm, whereas the CALIOP cannot penetrate the optically thick storm top but can detect the optically thin small particles above it. The two instruments thus provide somewhat different information about the cloud tops of the same storm and are complementary to each other. To understand the physics of the region above thunderstorms where small particles of thin concentration are likely to be present, CALIPSO data are usually more directly applicable than CloudSat data. But there are also occasions that CloudSat sees a cloud while CALIPSO does not. This occurs when cloud particles are relatively large, but the concentration is low [Hagihara et al., 2014] .
Severe storms tend to excite vigorous cloud top motions that influence the region above the storm and have high potential of impacting the stratosphere, for example, by causing moisture to be transported through the tropopause [see, e.g., Wang, 2003 Wang, , 2004 Wang et al., 2009 Wang et al., , 2011 Iwasaki et al., 2015] causing changes in the water vapor concentration in the lower stratosphere. Deep convective transport of water substance have been observed directly [e.g., Hanisco et al., 2007; Khaykin et al., 2009; Anderson et al., 2012; Homeyer et al., 2014] . Since water vapor is a strong greenhouse gas, the changing vapor concentration in the stratosphere may have significant impact on the global climate [e.g., Pan et al., 1997; Solomon et al., 2010; Uma et al., 2013] , and therefore, it is important to understand the physical processes occurring above the storms. CALIPSO data can provide direct information for understanding these processes if correctly interpreted. This paper addresses one of such processes.
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Gullwing-Shaped Plumes in CALIPSO Images
Figure 1 shows a storm system which occurred in the Uruguay-Argentina region on 23 December 2009, as captured by MODIS channel 31 image at 05:15:56 UTC. The main storm of interest of this paper is the northernmost one with prominent red "cold-U" signature at the cloud top. This storm has been discussed in greater details in Setvak et al. [2013] . Storms with such a signature have high probability of being severe [e.g., Adler et al., 1985] . The apex of the "U" usually indicates the upstream portion of the storm with overshooting top somewhere near the apex [see, e.g., Heymsfield and Blackmer, 1988] . The interaction of the ambient wind with the overshooting top causes the anvil of the storm to form the chevron shape. The reason why the U is cold is still being debated but is not the focus of this paper, and we will not discuss it furher.
The elongated shape of the anvil of this storm indicates that it has a high wind shear at the storm top level. In an environment of low wind shear, the storm anvil would look more or less circular instead of elongated. The orientation of the cold-U in Figure 1 indicates that the storm-relative wind direction at the storm top level is approximately WNW above this storm. Examples of satellite storm images with high upper level wind shear and relevent discussions can be seen in many previous studies, for example, Heymsfield and Blackmer [1988] .
The slant black line indicates trajectory of the CALIPSO satellite, while the small crosses along the line are time stamps of the position of the satellite (at 5 s intervals). As can be seen, the CALIPSO passed over the storm system in a track crossing from NNE to SSW over the region somewhat downstream of the coldest part of the cold-U. Between the two arms of the U was a generally warm region. The track is approximately normal to the wind direction. Figure 2 shows a cross section of the CALIPSO CALIOP 532 nm lidar backscattering coefficient profile obtained along this trajectory. The focus of our study is the gullwing-shaped thin cirrus layer indicated by the white arrows. We shall call such cirrus layer as "gullwing cirrus" in this paper. The first gullwing cirrus (left) labeled "E" seems to rise from an already heightened block of cloud materials, which corresponds to the warmer inner part of the cold-U in Figure 1 [Setvak et al., 2013] . The gullwing cirrus farther south (right) labeled as "H" is smaller and the leveling off is less obvious but still present. Why would the cirrus layer take the gullwing shape? In order to explain the formation of this gullwing characteristic, we will use cloud model simulation results of a storm of similar type to demonstrate the mechanism that we believe is responsible. In the following, we shall show that the gullwing shape is mainly due to the breaking of the upward propagating internal gravity waves excited by the deep convection of the storm.
The storm we will use for model simulation to demonstrate this feature is the CCOPE (Cooperative Convective Precipitation Experiment) supercell storm occurred on 2 August 1981 in the High Plains in U.S. Midwest. This supercell had been observed extensively and well documented (see Knight [1982] for a summary) and modeled by us successfully previously using a cloud model developed by the lead author's research group [Straka, 1989; Johnson et al., 1993 Johnson et al., , 1994 . The reason to use this particular storm for demonstration is that it was also developed in a highly sheared upper level environment like the one studied here, and indeed, the modeled storm top morphology looks quite similar to the present one. We believe that similar storm environments would produce storms with similar storm top characteristics so that we can select the appropriate sections of the simulated storm top for comparing with the observation.
The fact that we pick a highly sheared storm case for the simulation should not be taken as indicating that internal gravity wave breaking occurs only in such storms or implying that there is always wave breaking in a sheared storm. Internal gravity wave breaking depends on many factors such as the strength of the updraft, the stability of the stratosphere above the storm, the thermodynamic structure of the storm top that leads to the buildup of critical layers, etc. In addition, how much water vapor can be transported by wave breaking depends very much on the details of the microphysics, dynamics, and thermodynamics of the storm environment, which is not the focus of this paper. The main purpose of this paper is to show that a highly sheared storm such as the one shown in Figure 1 can indeed produce the gullwing-shaped cirrus plumes as observed by CALIOP in Figure 2 . We believe this will be helpful in the interpretation of the CALIPSO data so that they can be made useful for scientific studies such as the transport of trace chemical species between the troposphere and stratosphere. We do plan to perform systematic studies of the types of storms and their geographical distributions that are conducive to such wave breaking transport in the future.
As indicated previously, we will employ a cloud-resolving model to perform simulations of the CCOPE supercell and analyze the results to explain the physics of the gullwing cirrus. We have run the simulations of the CCOPE storm in various grid resolutions and kept fairly extensive sets of the model results by using a cloud model WISCDYMM developed by P. K. Wang's group (see Straka [1989] and Johnson et al. [1993 Johnson et al. [ , 1994 for the basic setup of the model). WISCDYMM is a single-moment model that it only predicts the mixing ratios of water substances. There are studies showing that single-moment models can lead to substantial errors in predicting hydrometeor physical properties and consequently also thermodynamic and dynamic properties of the cloud [see, e.g., Igel et al., 2015] . In order to minimize possible ambiguities, we use a double-moment model WISCDYMM-II which is also developed recently by Wang's group for simulation in this study. A brief summary of the properties of WISCDYMM-II is given below. Straka [1989] and subsequently modified by others [Johnson et al., 1993 [Johnson et al., , 1994 Lin and Wang, 1997] . The new WISCDYMM-II is a newer double-moment model with new dynamics and microphysical parameterizations that we have developed recently, and its properties are briefly described in the following subsections.
WISCDYMM-II is formulated based on a fully compressible nonhydrostatic moisture equation as described by Klemp et al. [2007] . It implements a 1.5-order turbulence closure for subgrid eddy mixing and uses Arakawa C-grid and time-split integration for acoustic and gravity wave modes [Klemp et al., 2007] , third-order Runge-Kutta time integration [Wicker and Skamarock, 2002] , fifth-order WENO (Weighted Essentially Nonoscillatory) advection scheme, and sixth-order spatial filter to suppress nonlinear computational instability [Xue, 2000] .
The cloud microphysics is equipped with a two-moment (mixing ratio and concentration) scheme for five hydrometeor species including cloud drop, raindrop, cloud ice, snow, and graupel/hail using the same parameterizations described by Morrison et al. [2009] .
For the boundary conditions, it uses open radiative for lateral boundaries, Rayleigh relaxation for the upper boundary, and nonslip condition for the bottom boundary.
We have performed many test runs, and the results are satisfactory. The overall results of dynamics and thermodynamics agree reasonably well with observed storms and also our previous model results using WISCDYMM. But the capability of predicting both mixing ratio and concentration of hydrometeors can reduce the ambiguity in the interpretation of physical processes makes a double-moment model superior to a single-moment model.
Since the main purpose of the present study is to determine whether or not a highly sheared storm such as the CCOPE supercell can produce gullwing cirrus clouds as observed by CALIPSO, we have run both the single-moment WISCDYMM and the double-moment WISCDYMM-II. It turned out that both models produce similar wave breakings in the stratosphere that can transport the moisture upward though the timing, location and magnitude of such events are different. In this paper we will focus on the qualitative question of the plausibility of wave breaking as the responsible mechanism for gullwing cirrus and leave the quantitative question of "how much" to future studies. In the following, the results of WISCDYMM-II will be used for further analysis to illustrate this wave breaking process.
For this study, we ran WISCDYMM-II using a domain of 95 × 95 × 95 km 3 with a grid resolution of 0.5 × 0.5 × 0.2 km 3 . The storm shown in Figure 1 is somewhat larger than the domain size of the simulated storm, but the relevant phenomenon of interest to this study occurred within about 50 km downwind of the overshooting top of the storm; hence, we believe that the current domain size is large enough to illustrate the essential physics of the gullwing cirrus. Figure 3 shows the simulated storm top temperature field of the simulated CCOPE storm at a randomly chosen time step when the storm has already reached the quasi steady state condition. We use the total hydrometeor mixing ratio q total = 0.1 g/kg surface to represent the cloud top for convenience, but the cloud top temperature pattern looks very similar for 90%, 50%, or 30% RHi (relative humidity with respect to ice) surface, so what is shown in Figure 3 is adequately representative. The cold-U feature occurs at almost every time step of the simulated storm top when the storm reaches quasi steady state, and the major characteristics look the same though details differ from time to time. The colors represent the skin temperature of the cloud top. It is seen that the simulated storm top temperature structure resembles the satellite IR image in Figure 1 in that it contains all the major features such as the cold-U and the warm area downwind and inside the cold-U. This warm area has been called the close in warm area by Heymsfield and Blackmer [1988] . The anvil at storm top is elongated downwind by high-level winds just like the one in Figure 1 . This indicates that the model physics of WISCDYMM-II produces realistic cloud top temperature field that compares well with observed storm IR features, and hence, it is reasonable to expect that model can produce trustworthy results for simulating storm top physical processes.
The black line on the cloud top in Figure 3 indicates the location where x = 42.5 km. This line corresponds approximately to the CALIPSO trajectory shown as the black line in Figure 1 in that it runs across both
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branches of the cold-U and the middle warm area. Given that the thermal features along these two lines are similar, we should expect that the physical processes occurring here should be the same if the model physics is trustworthy. In the following discussions, we will use this cross-sectional view to illustrate the mechanisms generating the gullwing cirrus cloud. Figure 4 shows a frame of north-south cross-sectional view of the RHi (relative humidity with respect to ice, in color) field overlaid with black equivalent potential temperature contours at x = 42.5 km (same location as indicated by the black line in Figure 3 ). This cross-sectional view is to approximate the view seen by CALIPSO shown in Figure 2 which was occurring at a similar downwind location relative to the apex of the cold-V. The color scale for RHi is so as to emphasize the moisture features above the storm top which is usually very dry, and the normal color scale would not show these features clearly. We choose RHi field to compare with the CALIOP data shown in Figure 2 because RHi represents the probability of condensation and hence gives good indication where thin cirrus features are likely to be seen by CALIOP. Note that ice may be present even in the very low RHi region in the model results because moisture is averaged out in a grid box of 0.5 × 0.5 × 0.2 km 3 in the model calculations, and in reality even in a low RHi grid box, there may be local high RHi pockets that can support the existence of ice crystals (albeit at very low concentration) that are visible to the CALIOP lidar. It is therefore important to focus on the "pattern" of RHi instead of the absolute magnitude of it. Figure 4 shows that the cloud top is wavy and has many "protrusions." The wavy shape is caused by the internal gravity waves that are excited by the deep convection and propagate upward. The dark brown protrusions at the storm top bounded roughly between 370 and 380 K in Figure 4 correspond to above-anvil plumes described by Setvak and Doswell [1991] and Levizzani and Setvak [1996] and explained by Wang [2003 Wang [ , 2004 Wang [ , 2007 and Wang et al. [2011] . They correspond to the heightened block of cloud materials in Figure 2 mentioned previously. It is further seen that there are moisture streamers (lighter reddish color) stemming upward and outward from the above-anvil plumes. All of these streamers take the gullwing shape, Figure 2 . This pattern is visible not only in Figure 4 but also in Figure 5 which is the vertical cross section at x = 50 km at the same time frame. Furthermore, this feature shows up in all time frames when the simulated storm reaches steady state and therefore is a very common characteristic of the moisture streamers in the above storm region.
Simulated Storm Top Gullwing Features
As mentioned above, the wavy θ e contours above the storm manifest the presence of the internal gravity waves in the stratosphere excited by the storm. Closer examination of the moisture streamer indicated by the white arrow in Figure 4 and the θ e contours reveal that (1) the streamers appear to travel through the θ e surfaces and (2) the streamer paths are aligned approximately along the locus of wave crests of the gravity waves. These observations can be interpreted as follows.
The fact that the moisture streamers run across the θ e surfaces indicates that they are transported upward by a nonadiabatic process because an adiabatic transport would have the streamer traveling along, instead of intersecting, the θ e surfaces. Thus, the streamer intersecting the isentropic surfaces must be due to diabatic process. Since θ e has included the effect of latent heat released by condensation, this diabatic process cannot be due to pure latent heating. The nature of this noncondensational diabatic process can be understood by examining the observation (2) in the previous paragraph.
Observation (2) says that the streamer paths line approximately along the locus of wave crests, implying that this diabatic process must be associated the wave process near the crest. As we know, normal propagation of gravity waves is an adiabatic process and does not cause mass transfer through the θ e surface [see, e.g., Holton et al., 1995; Pedlosky, 2003] . However, when wave breaking occurs, materials can be transported through the θ e surface because wave breaking is an irreversible diabatic process. The wave crest is precisely where wave breaking occurs. Indeed, careful inspection of the θ e isotherms indicated by the white arrows in Figures 4 and 5 show clear signature of wave breaking. The shape of these isotherms exhibits the characteristics of turning over ocean waves when they arrive on the beach.
The wave breakings in Figures 4 and 5 occur at z~14 km whereas the observed tropopause of the CCOPE supercell is at z~12.5 km [see Johnson et al., 1993] , thus, the breaking clearly occurs in the stratosphere. 
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Examining the model output reveals that wave breaking can occur at an altitude as high as 16 km, indicating that this mechanism can transport moisture well into the lower stratosphere.
The shape of the wave breaking θ e isotherms implies that there are vicinity areas where the vertical gradient of θ e is negative under the crest, i.e., ∂θe ∂z < 0. This means that the wave breaking region is characterized by this negative gradient, and we can use this criterion to examine where wave breaking is occurring in the vicinity of a storm. We shall only focus on the region above the tropopause in this study. Figure 6 shows the negative ∂θe ∂z areas near the 378 K isotherm (the one indicated by the leftmost white arrow in Figure 5 ). Figure 7 shows a x-y view of the regions (blue isosurface) where ∂θe ∂z ¼ 0 inside which the vertical θ e gradient is negative. These blue isosurfaces indicate where wave breaking occurs. It is seen here that the breaking region above the anvil forms a two-wing structure, more or less like the wake of a ship moving on still water. This pattern of breaking regions remains more or less persistent throughout the 2 h simulation period though the intensity varies significantly. The locations of breaking regions also vary but are always near the storm top. Figure 8 shows the x-z (east-west) view of the wave breaking locations. We see that the region immediately downwind of the overshooting top is a place where wave breaking occurs vigorously. The general highest altitude of breaking is around 15 km. In some other time frames, the breaking region can be as high as 16 km. This occurs usually near the region above the overshooting top. We plan to make a more detailed study on the evolution of the wave breaking regions and report the results in the future.
Thus, as the gravity waves propagate upward and outward from the storm top, the wave breaking at the crests allows moisture (either water vapor or possibly small ice crystals) to be transported irreversibly through the isentropic surfaces to higher levels. Such wave breaking above the storm top has also been demonstrated in Wang [2003 Wang [ , 2004 Wang [ , 2007 ] also using cloud model simulations.
For a simple upward propagating gravity wave in an environment of no wind shear, the loci of all points of constant phase are circular cones [see, e.g., Pedlosky, 2003] . In the presence of wind shear, the constant phase surfaces become more complicated but still close to quasi-circular cones each similar to a table top soup plate. As the wave propagates to upper levels, the cone expands outward. The intersection of this cone with a vertical cross section is a curve roughly like a wide-open alphabet "V" as we see in Figure 4 . This is to say that a locus of wave crests on the vertical cross section is also of V shape. But the slope of the locus can change with height, either becomes steeper or more horizontal, depending on local stratification (i.e., stability) of the stratosphere [Pedlosky, 2003] . At very high levels the angle usually becomes more horizontal as the wave energy is more dissipated already. The net effect is that a moisture streamer that is transported by the successive breaking wave crests forms a vertical profile that resembles a gullwing when observed by the vertically slicing CALIOP as seen in Figure 2 .
Note that the lining up of a moisture streamer with vertical crest locus is not exact but only approximate as the locus is formed by joining the wave crests at a specific instance whereas the streamer trajectory has included the effects of time it takes to transport upward, wind, and local turbulent mixing (and these have all been taken into account by the model), and hence, the two cannot coincide exactly. Nevertheless, the resulting streamer profile still resembles that of a gullwing.
Conclusions
In the above, we have identified a gullwing-shaped thin cirrus layer in lower stratospheric region above a thunderstorm which occurred in Argentina, as seen in CALIPSO CALIOP image. By analyzing the numerical simulation results of a similar storm, we showed that the gullwing cirrus must be produced by the moisture carried upward by a transport process associated with gravity wave breaking. The locus of wave crests where the breaking occurs resembles a gullwing.
The gullwing cirrus layers in Figure 2 appear as the higher branches of the above-anvil plumes reported by Setvak and Doswell [1991] and Levizzani and Setvak [1996] and explained by Wang [2003] . The above-anvil plumes are produced by the "primary" wave breaking right at the storm top that transports substantial amount of water substance whose concentration is large enough to be detected by the 94 GHz CPR. In contrast, the gullwing cirrus layers consist of the smaller amount of moisture coming out of the above-anvil plumes that are transported farther upward due to wave breaking (the "secondary wave breaking") at higher levels. Their ice concentration is usually too low as to elude the CPR but is ultimately captured by the CALIOP together with the above-anvil plumes.
The presence of gullwing-shaped cirrus is evidence that storm materials can be transported into the stratosphere via the gravity wave breaking process to levels much higher than previously thought. Given the important role played by water substance in the stratosphere, it is clearly of some importance to investigate this process further. It is highly likely that other trace chemicals (both trace gases and aerosol particles) of tropospheric origin can also be transported this way.
This also indicates that it is important to make a global survey of the geographical distributions and the time variations of internal gravity waves propagation caused by deep convection. Jiang et al. [2004] had made a survey of tropical deep convective storms and the propagation of gravity waves caused by them using the data from the Upper Atmospheric Research Satellite (UARS) Microwave Limb Sounder. With the understanding of the wave breaking mechanism as described in the present study, one can use their results in conjunction with CALIOP data to make further progress on the research of stratosphere/troposphere exchange process. Figure 4 showing the regions where ∂θe ∂z ≤0 (blue). The gray color represents the RHi = 80% isosurfaces used to represent the approximate cloud boundaries.
